Abstract. Since it was proposed for the first time, desorption electrospray ionizationmass spectrometry (DESI-MS) has been evaluated for applicability in numerous areas. Elucidations of the ionization mechanisms and the subsequent formation of isolated gas-phase ions have been proposed so far. In this context, the role of both surface and pneumatic effects on ion-formation yield has recently been investigated. Nevertheless, the effect of the surface chemistry has not yet been completely understood. Functionalized glass surfaces have been prepared, in order to tailor surface performance for ion formation. Three substrates were functionalized by depositing three different silanes [3-mercaptopropyltriethoxysilane (MTES), octyltriethoxysilane (OTES), and 1H,1H,2H,2H-perfluorooctyltriethoxy-silane (FOTES)] from toluene solution onto standard glass slides. Surface characterization was carried out by contact-angle measurements, tapping-mode atomic force microscopy, and X-ray photoelectron spectroscopy. Morphologically homogeneous and thickness-controlled films in the nm range were obtained, with surface free energies lying between 15 and 70 mJ/m 2 . These results are discussed, together with those of DESI-MS on lowmolecular-weight compounds such as melamine, tetracycline, and lincomycin, also taking into account the effects of the sprayer potential and its correlation with surface wettability. The results demonstrate that ionformation efficiency is affected by surface wettability, and this was demonstrated operating above and below the onset of the electrospray.
Introduction
A large number of papers have highlighted desorption electrospray ionization-mass spectrometry (DESI-MS) as a high-throughput technique with a variety of applications [1, 2] , recently assessed as reliable technique for quantitative analysis [3] . Several papers have been published on the ionization mechanisms leading to the formation of isolated gasphase ions, supporting the hypothesis of a two-step, dropletpick-up model followed by ESI-like desolvation and gas-phase ion formation by the action of the electric field [4] [5] [6] [7] . In this context, the roles of surface and pneumatic effects on ionformation yield have recently been examined, by investigating surface charge [8, 9] , hydrodynamic and pneumatic forces [10] [11] [12] [13] , and interactions between analytes and the surface [14] . In the present study, surface-chemistry effects on DESI-MS response have been thoroughly investigated and correlated with the ion-formation yield. It is known that the electrical properties of the substrate strongly influence the mass spectrometric response, in terms of magnitude of the steady-state current and different capacitor time constants of the equivalent RC circuits [8] . Therefore, the electrical contribution of the substrate (i.e., electrical resistivity), was set to be constant, by using the same material as a support for the functionalization reactions, in order to address solely the surface-chemical contributions to ion formation.
One of the most successful approaches for the modification of solid substrates has been the chemical grafting of hydrocarbon chains on hydrated surfaces via an alkylchlorosilane (-SiCl 3 ) or alkylalkoxysilane (-Si{OR} 3 ) head group by the formation of self-assembled monolayer structures [15] [16] [17] [18] . However, despite extensive efforts, the silanization reaction could still be affected by irreproducibility in the macroscopic properties (i.e., wettability and contact angle hysteresis) of the deposited film, when experimental variables such as the nature of the substrate [19] , temperature [20] , concentration [21, 22] , solvent type [23] , and water content [24, 25] are not under strict control. By controlling these parameters, it can be possible to obtain a structure of alkylsilane monolayers with good reproducibility because agglomeration during the deposition is minimized [26, 27] .
Taking into account the aforementioned knowledge about surface functionalization and starting from our previously published results [14] , the aim of this paper is to address further questions regarding surface effects in the DESI mechanism. For this purpose, we set up an experimental strategy based on the synthesis and the characterization of differently functionalized glasses, by means of three different silanes (Figure 1 ), [i.e., mercaptopropyl-triethoxysilane (MTES), octyl-triethoxysilane (OTES), and 1H,1H,2H,2H-perfluorooctyl-triethoxysilane (FOTES)], with glass itself used as a hydrophilic surface, in order to obtain surfaces covering a wide range of surface free energy. Surface characterization was carried out by means of tapping-mode atomic force microscopy (TM-AFM), contactangle measurements, and X-ray photoelectron spectroscopy (XPS).
Finally, these four supports were used for pneumatically assisted DESI-MS experiments for the analysis of mixtures of small molecules with widely known acid-base behavior and deposited on all substrates. In particular, melamine (organic base, MW 126), lincomycin (lincosamide antibiotic, MW 406) and tetracycline (polyketide antibiotic, MW 444) ( Figure 2 ) were considered. The use of functionalized surfaces allowed the role of surface chemistry to be investigated under different MS conditions.
Experimental

Materials
Glass microscope slides (76 mm × 25 mm × 1 mm) were provided by Thermo Scientific (Wohlen, Switzerland). 3-Mercaptopropyl-triethoxysilane (MTES) was obtained from Alfa Aesar (Ward Hill, MA, USA), octyltriethoxysilane (OTES) from Acros (Acros Organics, Geel, Belgium), and 1H,1H,2H,2H, perfluorooctyl-triethoxysilane (FOTES) from ABCR-Chemicals (Karlsruhe, Germany). Methanol, acetonitrile, and toluene were from Sigma-Aldrich (St. Louis, MO, USA). Ethanol was from Scharlau (analytical grade, Barcelona, Spain). Deionized (DI) water was purified to 18.2 MΩ·cm using a Milli-Q water purification system (Milli-Q element A10 System; Millipore, San Francisco, CA, USA). Melamine, lincomycin, and tetracycline were obtained from SigmaAldrich (St. Louis, MO, USA).
Silanization
Glass microscope slides were used as supports for each film synthesis. All materials were cleaned by ultrasonication, first for 10 min in toluene, then twice for 10 min in ethanol, and then they were blown dry in a stream of nitrogen. Subsequently, the supports were cleaned for 2 min in oxygen plasma (Harrick Plasma, Ithaka, NY, USA) at a pressure of 0.03 mbar. All microscope slides were then dipped for 1 h into silane solutions in dry toluene: 100 mM solutions for MTES and OTES and 5 mM for FOTES. Each silanized surface was rinsed with water, then with toluene. Samples were annealed at 100°C under reduced pressure of 50 mbar, for 60 min.
Surface Characterization
Contact-Angle Goniometry and Surface-Free-Energy Calculations The equilibrium contact angle of a sessile drop (5 μL) was measured with a contact-angle goniometer (Ramé-Hart model 100; Ramé-Hart, Inc., Mountain Lakes, NJ, usa) for [28] method was used to calculate surface energies.
In the OWK method, the polar (γ S p ) and dispersion (γ S d ) components of the surface energies of functionalized slides were determined by Equations 1 and 2.
The
, and γ L p refer to the total surface tension, and the dispersion and polar components of the probe liquid, respectively. The surface energy (γ S ) of a modified surface is the sum of polar (γ S p ) and dispersion (γ S d ) components of the solid.
The contact angles were measured using two liquids, that is, water and diiodomethane (DM). The corresponding surface tensions (γ L ) are 72.8 and 50.8 mN/m, respectively. Polar and dispersion components of the surface tension were from Yu and Dekker [29] .
T a p p i n g -M o d e A t o m i c F o r c e M i c r o s c o p y ( T M -AFM)
Morphologies of hybrid-silica films were investigated by a DI Dimension atomic force microscopy (Digital Instrument, Santa Barbara, CA, USA) in tapping mode at room temperature with a silicon nitride cantilever (Olympus, Shinjuku, Tokyo, Japan), which had a resonant frequency of 265 kHz and a spring constant of 25.5 N/m; 10 μm × 10 μm images were acquired, rms roughness (R q ) calculated for each surface, and then averaged over three independent investigations.
X-ray Photoelectron Spectroscopy
The surface chemistry of silica films on glass supports was investigated by means of X-ray photoelectron spectroscopy (XPS), using a Theta Probe (Thermo Fisher Scientific, East Grinstead, UK). A monochromatic Al Kα source with a beam diameter varying between 15 and 400 μm was used. The electrons emitted from the sample surface were collected with a radian lens having an acceptance angle of 60°(ranging from 23°to 83°e mission angle) and, after passing the hemispherical analyzer, were detected by a two-dimensional detector. The average emission angle was 53°. The system was also equipped with an argon-ion gun and a combined low-energy electron/ ion flood gun for charge compensation. Angle-resolved XPS (ARXPS) analyses were carried out at 16 emission angles using the monochromatic Al Kα source with a beam diameter of 300 μm and a power of 70 W in the constantanalyzer-energy (CAE) mode. The pass energy and the step size were, respectively, 100 and 0.1 eV [full width at halfmaximum (FWHM) of the peak height for Ag 3d 5/2 = 0.84 eV]. Survey spectra were acquired with pass energy of 300 eV and a step size of 1 eV. A low-energy electron/ ion flood gun for charge compensation was used with electron energy -1.6 V at 7·10 -7 mbar. The spectrometer was calibrated according to ISO 15472:2001 with an accuracy of ±0.1 eV. The high-resolution spectra were processed using CasaXPS software (Casa Software Ltd., Wilmslow, Cheshire, UK). Minor charging was corrected by referencing to aliphatic carbon at 285.0 eV. Peak fitting was performed after a linear type background subtraction using 30% Lorentzian 70% Gaussian model functions. Data processing was carried out constraining the 2p 3/2 and 2p 1/2 energy difference of Si 2p and S 2p equal to 0.7 eV and 1.3 eV respectively.
Quantitative analysis was performed on the basis of the integrated intensity, obtained from the original spectra after background subtraction and curve synthesis, using a firstprinciple approach and applying the equations of Powell [30] . The apparent atomic concentration was calculated as:
where I ij and S ij are the area and the sensitivity factor of the peak i of the element j, respectively. The sensitivity factors were calculated from Scofield's photoionization cross-section [31] , the angular asymmetry factor [32] , the spectrometer transmission function, and the inelastic mean free path (IMFP) corrected for the emission angle, assuming the sample to be homogeneous. The inelastic mean free path was calculated using the equation proposed by Seah and Dench [33] .
Desorption Electrospray-Mass Spectrometry (DESI-MS) A linear ion trap LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific, San Josè, CA, USA) equipped with a DESI ion source (Prosolia Inc., Indianapolis, IN, USA) was used. The source parameters were set as follows: solvent flow-rate, 2 μL min ; nitrogen pressure, 150 psi; capillary voltage, 20 V; tube lens voltage, 40 V; injection time, 100 ms; tip-to-surface distance, 2 mm; tip-to-inlet distance, 4 mm; incidence angle, 54°. The capillary temperature was 250°C. Methanol (MeOH) and acetonitrile (ACN) were used as spray solvents. The sprayer potential was varied in the range 1-3 kV. Melamine, tetracycline and lincomycin were deposited as solid samples onto each slide by solvent casting (1 μL of a 100 pmol/μL solution of each of the three components in methanol).
Results
TM-AFM investigations were carried out to observe surface morphology. Initial TM-AFM images were acquired for plasma-cleaned glass slides, in order to select the smoothest side of the slide. Rms roughness (R q ) was found to be 0.9 nm, which is within the range reported in the literature, (0.3-3 nm) [34] . R q was also calculated for the silanized glasses, but no significant increase in surface roughness was observed (Figure 3) .
Contact angles are reported in Table 1 , as well as the surface energy. As expected, the highest surface free energy was found for g-FOTES and it decreased in the series g-OTES, g-MTES, glass.
XPS spectra of clean glass, g-MTES, g-OTES, and g-FOTES were acquired (Supplementary Information). Further peaks found in the survey scans on the functionalized glasses could be attributed to the presence of adsorbed silanes, namely S 2 s and S 2p for g-MTES, and F 1 s for g-FOTES. Starting from g-MTES, three major peaks are identified in the C 1 s spectrum (Figure 4a ). The peak centered at 285.0 eV was ascribed to C-C and C-Si bonds [35] [36] [37] , whereas carbon atoms bonded to sulfur and oxygen appear at 286.3 eV [38, 39] . A third minor peak, found at about 288 eV, may be due to an oxygen-containing compound adsorbed on the sample surface. A further confirmation of the effectiveness of the functionalization was from Si 2p, where the high-resolution spectrum signal was found to contain contributions at 103.0 and 103.7 eV (Figure 4d ) ascribable to Si of g-MTES and Si-O of glass [40] , respectively. The high-resolution spectrum of S 2p was fitted with two doublets whose maxima in their 2p 3/2 components were at 164 and about 168 eV, assigned to the presence of well-ordered MTES layers having thiol groups at the top of the surface [41] , and to a minor contribution from oxidized sulfur [35, 42, 43] (Supporting Information). For g-OTES, similarly to what was observed for g-MTES, C 1 s showed three major contributions at 285, 286.5, and 288 eV ( Figure 4b ) and two components for the Si 2p signal at 103.0 and 103.8 eV, ascribed to Si-C and glass (Figure 4e ). In the case of g-FOTES, the C 1 s signal was a convolution of five components at 285.2 eV, originating from C-C and C-Si [44] [45] [46] , and at 286.5, 291.5, 294.0, and 288.0 eV attributable to C-O [39] , -CF 2 and -CF 3 groups [39, 44, 45] , as well as a contamination component, respectively (Figure 4c ). Two components for the Si 2p signal at 102.9 and 103.7 eV were ascribed to Si-C [47, 48] and glass [49] , as shown in Figure 4f .
ARXPS investigations were carried out to estimate film thickness, by monitoring the attenuation of Si 2p signal at 103 eV as a function of the emission angle (EA). From the results of C/Si versus EA, the thickness of the carbon-chain layer (d) for each functionalized glass is given by the equation I = I 0 exp (-d/(λcosθ)), where I 0 is the intensity of the emission from the bulk, θ is the emission angle (with respect to sample normal), λ is the inelastic mean free path (referred to the overlayer), and d is the film thickness. From these calculations, it was possible to compare the experimental thickness with the expected one, assuming that a monolayer of silanes had been bound on the surface, with alkyl chains standing perpendicular to the adsorption plane ( Table 2) .
The three functionalized glasses, as well as clean glass, were used as supports to address surface effects on massspectrometric response when molecules with different acidbase behavior were used as analytes. Melamine was chosen as organic base (pK a = 8.95), tetracycline as acid (pK a = 3.3), and lincomycin with intermediate pK a (7.6) . MS experiments were carried out by setting different potential on the sprayer, in order to work on the one hand under electrospray and on the other hand under pneumatically assisted ionization conditions. It was possible to calculate the potential for the onset of the electrospray flow by the approximated formula proposed by Smith [50] . ) as spray solvents, the equation leads to an onset potential equal to 1.2 and 1.3 kV, respectively. Below these potentials, the formation of MH + ions is mainly due to Results are expressed as mean values (n=3) with standard deviations pneumatic effects, whereas at higher potentials MH + ions are created as a consequence of the formation of a Taylor cone. Therefore, 1 and 3 kV were chosen as sprayer potentials. Desorption/ionization experiments were carried out by spraying solvent onto each self-assembled monolayers (SAM)-coated glass slide and extracted ion currents for each analyte were compared with a three-way ANOVA with interactions (α = 0.05), considering surface free energy, spray solvent, and sprayer potential as factors influencing ion current of the analytes. In all cases, log 10 data transformation was applied to ensure variance homogeneity among samples as a consequence of a high variability of DESI currents. For all analytes, a significant decrease in ion current versus increasing surface free energy was observed ( Figure 5 ). All factor interactions were found to be significant.
Discussion
The presence of imperfections on the nano-scale was observed and ascribed to inhomogeneity of the starting glass surfaces and possibly aggregates from in-solution reactions among the silanes. To avoid self-polymerization of silanes, since reactivity with water is well known, in particular when using fluorinated compounds, dry toluene was used as a solvent [27] . Toluene was also used for the surface functionalization for its capability of extracting significant amounts of water from the substrate surface, yielding dense alkylsiloxanes films [52] . Finally it is to be noted that the use of smooth surfaces, expressed in terms of comparable R q values, for subsequent DESI-MS experiments, allowed conclusions to be drawn as to how surface chemistry affects ion-formation yield, without any contribution from morphologic changes, which will be further discussed in the context of mass spectrometric data.
The maximum density of silane coverage could be readily achieved with each silane, according to previously published results [36, 37, 44, 45, 53, 54] . Further confirmations concerning films structures and homogeneity of the coverage were obtained by XPS.
According to the data reported in Table 2 , it might be reasonable to assume that a monolayer of silanes was reached by depositing OTES and FOTES from dry toluene solutions, whereas for MTES the formation of a multilayered system may be assumed. Further insights into surface chemistry were gained by calculating relative ratios among the elements characteristic of each coating. For g-MTES the ratio of C 1s at 285 eV to C 1s at 286.3 eV is 1.8, consistent with MTES condensing on the glass surface, according to previously published results concerning solution-deposited mercapto-silanes [36] . The C 1s/O 1s (533.8 eV) ratio was found to be 5.9, which is consistent with previous hypotheses. In addition, the ratio of C 1s/S 2p was found to be 5.0, consistent with the hypothesis of the multilayered adsorption of silanes, involving ethanesulfonic acid or ethylmercaptan elimination as the multilayer mercaptan grows [35] . These findings support ARXPS observations, which showed a thickness double that expected from a monolayer of MTES molecules. In case of g-OTES, the ratio of C 1s/O 1s (533.8 eV) was found to be 9. For g-FOTES the effectiveness of the coating was confirmed by elemental analysis. The atomic ratio of carbon at 294.0 eV to that at 291.5 eV was constrained so that the ratio (CF 3 )/(CF 2 ) 5 was Figure 5 . Two-way ANOVA interaction plots of extracted ion current signals (an ion trap was used as detector) of melamine (a), (d), lincomycin (b), (e), tetracycline (c), (f) as a function of surface free energy. At the bottom, associated to surface free energies, models of g-FOTES (left), g-OTES, g-MTES, and glass (right) are reported equal to 0.2 and the fit resulted to agree with this assumption. Furthermore for the C1s peak originating from CH 2 carbons found at 285.2 eV in this spectrum, the observed peak area intensity ratio of CH 2 carbons to CF 3 carbons is 3.35, which is larger than the carbon content ratio of (CH 2 ) 2 /(CF 3 ) = 2 in the FOTES molecules, as a consequence of some contamination and of a possible X-ray damage, according to data previously reported in the literature [55] . The C 1s/O 1s (533.8 eV) ratio was found to be 6.3, consistent with a partial loss of OEt groups during condensation on the glass. The idea of taking into account surface free energy to gain insights into DESI process was originated by Volný et al. [8] where this physical quantity is reported as a factor that can influence DESI current, calculated for different supports, ranging from glass to polymethylmethacrylate (PMMA) and polytetrafluoroethylene (PTFE). In that work, capacitor time constants of the equivalent RC circuits for different DESI surfaces were calculated, and the highest value appeared to yield the best analytical response. However, in those experiments, both the electrical and the surface-chemical properties of each material contributed to the analytical response, and electrical resistivity for the three different materials are reported to be significantly different [i.e., 10 11 to 10
14
Ωm for glass [56] , about·10 9 Ωm for PMMA [57] , and estimated to be above 10 20 Ωm for PTFE (DuPont)]. Therefore, to successfully address surface-free-energy effects on DESI efficiency, a functionalization approach by a self-assembly method allowed us to obtain surfaces within a wide range of polarity and, at the same time, to have a constant electrical contribution from the support.
In addition, by having comparable roughness, found to be in the same order of magnitude as shown by TM-AFM investigations, it was possible to avoid contributions to the ionization induced by changes in surface morphology and to address DESI current variations only attributable to surface-chemical modifications.
By moving from a hydrophobic to a hydrophilic surface, under ionization in both desorption electrospray and pneumatically assisted conditions, a significant decrease in ion current was observed, as indicated by the ANOVA results. This is the same result obtained in previous studies [8] , except that the results in this case were obtained by desorbing analytes from a support with constant electrical resistivity (i.e., the same bulk electrical properties). As a consequence, it is reasonable to assume that the significant differences in ion current are solely due to wettability effects (i.e., the confinement of the solution layer on a hydrophobic surface leads to a more efficient microextraction step at the solid interface).
Particular attention was devoted to the interaction surface free energy/spray solvent (Figure 5a-c) and surface free energy sprayer potential (Figure 5d -f) for all analytes (the intensity showed in Figure 5 is the total intensity recorded for a whole acquisition). The effect of the wettability was found to be different when ions were created by ES or only by pneumatically assisted conditions, i.e. above or below the onset of the electrospray (MH + formation without or in the presence of a Taylor cone). These results might be interpreted as follows: as a consequence of a Taylor cone being formed at the capillary tip, by working at a high positive potential (in this case 3 kV), an accumulation of positive charges takes place, leading to a more efficient ionization process with a consequent apparent leveling effect of the response as a function of surface free energy. Therefore, the use of more hydrophobic surfaces yielded higher signal intensities, regardless of whether the sprayer voltage was below or above the onset of the electrospray. At 5 kV, a sprayer potential routinely used in DESI measurements, the signal intensity would behave as at 3 kV, as they both are above the onset of the electrospray. The DESI current was also affected when different solvents were used in the spray, although to a different extent. The highest signal intensity was generated when the potential on the sprayer is 3 kV and the analytes were desorbed and ionized from the most hydrophobic surface. This happened when using both MeOH and ACN. Small differences were observed between ACN and MeOH only when the most hydrophobic surface, g-FOTES, was used. This behavior may be a consequence of different solvent surface tensions (i.e., 22.50 mN/m for MeOH and 29.29 mN/m for ACN). In fact, a higher wettability might explain an ion current decrease, induced by a less efficient microextraction at the interface, even though no linear trend was observed. Finally, it might be assumed that surface-activated chemical ionization, induced by SH residues from g-MTES, appears to give a minor contribution to the ionization.
Conclusions
The results demonstrate that tailoring surfaces allows the performance of a DESI-MS experiment to be enhanced. Furthermore, the role of surface free energy when a DESI-MS experiment is carried out was illustrated. Surface wettability was successfully tuned by self-assembling different silanes onto glass surfaces, as demonstrated by contact angle goniometry, AFM, as well as XPS investigations. It was demonstrated how the analytical response dropped upon using hydrophilic rather than hydrophobic surfaces, both in ESI and in pneumatic ionization conditions, as a consequence of differences in efficiency of the microextraction step at the solid interface.
